Groundwater inrush within faults is an important issue in underground engineering. The process of water permeation through the soil-rock mixture has been numerically investigated. The simulated soil-rock mixture was presented with rock blocks, and filled with selected types of soil particles. The Euler-Euler method was employed with multiphase interaction. Meanwhile, the filling soil was assumed to be Bingham fluid with additional user-defined function. Then the detailed evolutions of water permeation through the soil-rock mixture were presented visually, including water distribution, water velocity field, permeation time, and penetration time. It is shown that water permeation changes with time and space in the soil-rock mixture, and the overall process of water permeation can be divided into three different stages. Moreover, major variables including water velocity, size of soil particles, and yield stress of soil were considered, which clearly influenced water permeation. Soil density showed little effect on water permeation, and the permeation time decreases with increasing water velocity. Water permeation through the soil-rock mixture is easier when the filling soil consists of smaller particles. The permeation rate of water obviously decreases with increasing yield stress. Meanwhile, different types of soils were considered with corrections on the dynamic viscosities. We found that sand and soil behave differently when water permeates through the soilrock mixture. Furthermore, selected results on water permeation were compared with the relevant studies, and reasonable agreements were reached. The presented stimulation results provide detailed information for further understanding on the mechanical mechanism of water permeation through the soil-rock mixture used in underground engineering.
Introduction
Water inrush has become the most serious problem for underground engineering. Recently, a large number of studies have been devoted to this problem for tunnel construction and mining, but it remains very difficult to understand water inrush. Thus, further research on water inrush is essential and urgent [1] [2] [3] . Based on the disasterinduced geological structures, water inrush can be induced by multiple factors, including groundwater [4] [5] , fractured rocks [6] [7] , fluid permeation into the filling materials of rocks, and the cooperation of the above factors [8] [9] . Meanwhile, inrush accidents induced by groundwater in Chinese mines have caused the deaths of several hundred miners each year this century [4] .
The research of water inrush has been popular in recent years. For one thing, various methods proposed originally or derived from other fields have been used to evaluate the risk of water inrush in tunnels [10] [11] [12] [13] [14] [15] [16] [17] [18] . Many new models have been presented and successfully applied in many other fields, such as forecasting the monthly inflow of Dez Dam Reservoir [19] , variations of land use [20] , evapotranspiration to increase the accuracy of the estimations [21] , and rainfall estimation [22] . For another thing, more and more attention has been paid to the mechanism of groundwater inrush, while the relevant research mainly focuses on the reaction of faults and the damage of floor strata as far as we know [4, [23] [24] . Particularly, potential influences have been mainly overlooked in previous research on the faults, including the configurational structure of particles within the fractured rocks [4, 25] . A number of researchers have gained useful findings on particle rearrangements within a granular setting and have reported strong permeability variation [26] [27] . It is still significant to consider the hydraulic properties of granular rocks within fault rocks [4] .
Fractured rocks are essential, in addition to soil, for creating a typical mixture of soil and rock. Soil and rock mixtures are not only a common geotechnical material in nature, but also a typical geotechnical material often encountered in various engineering construction projects [28] . Soil-rock mixture (S-RM) is an extremely heterogeneous and loose geotechnical material that can be formed during the construction of underground engineering. It consists of high-strength rock blocks with large size, fine soil particles, and pores [28] [29] [30] . The mesostructural characteristics of S-RM not only induce its deformation, but also lead to the failure mechanism during the construction of underground engineering. Many efforts have been devoted to study soil and rock mixtures [31] [32] . For example, during tunnel construction, S-RM is affected by multiple factors from the surrounding environment, including water resources, water permeation, seepage instability, geological structure, and other activities [33] [34] . Meanwhile, water permeation is essential to seepage instability. The microcosmic seepage flow leads directly to macroscopic water inrush [35] . Water permeation and particle migration in the geotechnical mixture is a key issue to further understand the mechanism of water inrush disaster. Thus, studies focusing on the mechanical behavior of S-RM with water permeation are very important for understanding the stability evolution of this kind of geotechnical material for groundwater inrush disaster.
Numerous methods have been presented to gain a better understanding of these kinds of geotechnical materials, including physical model testing, numerical analysis, and experimental investigation. However, it is difficult to carry out field or laboratory tests at full scale. Moreover, it is difficult to carry out direct field measurements on permeability evolution of granular rocks deep underground [4] . Fortunately, numerical methods have great advantages for the study of S-RM under complicated conditions. Numerical investigations have been approved as a feasible means of disclosing complex phenomena. Vallejo investigated the behavior of granular materials containing large particles based on laboratory and finite element methods [36] . Yue et al. developed a DIP technique to establish the actual microstructures of geomaterials, which is called the DIP-based finite element method [37] [38] . Li et al. [39] explored numerical analysis to investigate the deformation and failure modes of weak rock mass surrounding a tunnel. Xu et al. [40] used the discrete element method to study the mechanical behavior of soil-rock mixtures (S-RM) in a landslide dam. The numerical studies have gained useful understanding on the mechanical behavior of water permeation within S-RM, while the relevant research on the two-phase flow of water and the filling particles are rare, which is still complex to know fully.
In this work, water permeation through the soil-rock mixture was numerically studied to further understand the mechanical behaviors of groundwater inrush. First, selected samples of soil-rock mixtures were presented with random rock blocks and different soil particles. The structural configuration of soil particles within the fractured rocks was considered, and different types of soil particles were presented in respect to sand and soil. Second, the water influence on the mixture was considered in three phases, including soil particles between rock blocks, air in pores, and water action. For the three-phase system, the Euler-Euler method was applied. The filling soil was assumed to be a type of non-Newtonian fluid using the Bingham model, and the user-defined functions on the dynamic viscosities of different soils were used. The processes of water permeation through the soilrock mixture were numerically studied for selected soil models. Third, the detailed evolutions of water permeation and particle migration were presented visually. The flow behavior of water permeation and particle migration were analyzed in detail. Moreover, water velocity, size of soil particles, yield stress of soil, and soil density were considered for their influence on water behavior. Finally, selected simulation results were compared with the relative research results to validate established models, and reasonable agreements will be shown.
Mathematical Method
The simulated model of soil-rock mixture was based on the previous experimental research [32, 34, 40] , as shown in Fig. 1 . A unit of soil-rock mixture was investigated with random fixed rock blocks. The skeleton was filled with permeable materials, such as granular soils. Granular soils were selected as the filling material. Thus, the soilrock mixture was filled with granular soils between rock blocks and certain air in the interval between the soil particles. On the left-hand side, there was a water inlet with a given hydraulic pressure. On the right-hand side, the outlet was exposed to the atmospheric environment. Water generates pressure on the mixture. Then water permeates into the granular soil. The filling soil becomes loose and gradually flows away under the action of water. Thus, water can transfer through the mixture, and finally releases into the atmospheric environment. The process of water permeation through the soil-rock mixture is relevant with the water phase, solid phase of granular soil, and the air phase. It has a typical flow of air-water-soil in three phases. In this work, the process of water permeation through the soil-rock mixture was numerically simulated with the Euler-Euler model.
The Euler-Euler model was adopted based on the following assumptions: A) The heat and mass transfer are ignored in the flow process. B) Normal water was used as the operational fluid, which is defined as the continuous phase. The existence of normal air and other gases is considered. C) The filling soils are treated as the spherical continuous phase with consideration of the large amount of soil particles. The soil was also considered with certain sizes of soil particles and different dynamic viscosities.
Euler-Euler Model
Water migration through the soil-rock mixture is usually accompanied by air, which unavoidably exists within the interval of the skeleton. The simulation on water permeation through the soil-rock mixture is based on the approach of multiphase flow. Water and air are assumed to be continuous and fully interpenetrating in each control volume, while the solid phase of soil is defined as a special kind of fluid, namely Bingham fluid. The conservative equations of mass and momentum originally derived from single-phase flow can be extended to describe the hydrodynamics of the three-phase flow [41] [42] [43] .
Volume Fractions
The two-phase flow was described as an interpenetrating continua, and volume fractions α q were introduced to represent the space occupied by each phase [44] [45] .
The volume of phase q, V q , is defined by: , where ρ q is the physical density of phase q. The conservation laws of mass and momentum are separately satisfied by each of the two phases, which are described as follows.
Conservation of Mass
The continuity equation for phase q is: (2) …where q v v is the velocity of phase q and m pq characterizes the mass transfer from the p to q phase, and these mechanisms can be specified separately. The source term S q on the right-hand side is zero. 
Conservation of Momentum
The momentum balance for phase q yields: (3) …where q τ is the q phase stress-strain tensor.
( )
…where μ q and λ q are the shear and bulk viscosity of 
Equation ( 
… where K pq (= K qp ) is the interphase momentum exchange coefficient.
Turbulence in the Continuous Phase
The eddy viscosity model is used to calculate average fluctuating quantities. The Reynolds stress tensor for continuous phase q takes the following form:
…where q U v is the phase-weighted velocity.
The turbulent viscosity μ t,q is written in terms of the turbulent kinetic energy of phase q:
…and a characteristic time of the energetic turbulent eddies is defined as:
… where ε q is the dissipation rate and C μ = 0.09. The length scale of the turbulent eddies is:
Turbulent predictions are obtained from the modified k -ε model:
and ( )
…where Π k g and Π ε g represent the influence of the dispersed phases on the continuous phase q, and G k,q is the production of turbulent kinetic energy. All other terms have the same meaning as in the single-phase k -ε model.
Dispersed Model for k-epsilon Multiphase
When the concentration of the second phase is relatively small, it is necessary to select the dispersed model from k-epsilon multiphase models. Though particle contact is ignored and the leading function on the second phase primarily comes from the main phase, the action of the second phase can be determined by the balance feature of the main phase, the relaxation time, and the interacting time of particles. Furthermore, dispersion coefficients, correlation functions, and the turbulent kinetic energy of each dispersed phase are evaluated with time and length scales, which could characterize the motion.
The characteristic particle relaxation time connected with inertial effects acting on a dispersed phase p is defined as:
The Lagrangian integral time scale calculated along particle trajectories, mainly affected by the crossingtrajectory effect, is defined as:
… where
…where θ is the angle between the mean particle velocity and the mean relative velocity. The ratio between these two characteristic times is written as: (21) and C V = 0.5 is the added-mass coefficient.
Interphase Turbulent Momentum Transfer
The turbulent drag term for multiphase flows ( ( )
in Eq. 5) is modeled as follows, for dispersed phase p and continuous phase q:
The second term on the right-hand side of Eq. 22 contains the drift velocity: 
Interaction between Fluid-Solid
For the interaction between fluid-solid, the drag function is considered. Drag coefficient is of crucial importance for the simulation of the heterogeneous gassolid flow [44] [45] . And the Schiller and Naumann model is selected as the default method, which is acceptable for general use in all fluid-fluid multiphase calculations.
User-Defined Function on Dynamic Viscosity
Common fluids, like air and water, are Newtonian fluids. This indicates that the viscous behaviors for Newtonian fluids should obey Stokes' law of viscosity. In detail, viscosity is defined as the ratio of shear stress versus shear rate, which is regarded as constant for Newtonian fluids. In contrast, there also exist some fluids that do not obey Stokes' law, namely non-Newtonian fluids. For example, many geological and industry materials belong to non-Newtonian fluids, such as clay, mud, ice, lava, and so forth.
With the consideration of the characteristics of geological materials, special soils were used to fill the soilrock mixture. Meanwhile, the filling soil was assumed as a non-Newtonian fluid. 
Simulation Conditions
The numerical solution of the established model for the air-water-solid three phases were based on the Euler-Euler model of computational fluid dynamics platform. The user-defined function on dynamic viscosity of soil phase was presented with the Visual C++ codes. The physical properties of the system are given in Table 1 .
results and discussion
Water Permeation in the Soil-Rock Mixture To observe migration in the soil-rock mixture, numerical simulations were performed to grasp water distribution regularity. After a series of simulations, snapshots of water distribution at various time points are presented, as shown in Fig. 2 . The initial water velocity is 1 m/s, and the diameter of soil particles is 100 μm.
As shown in Fig. 2 , the soil-rock mixture is full of soil particles with air in the interval between the soil particles at the beginning. Water permeates into the soilrock mixture under certain pressure at the inlet. Water easily diffuses all around by replacing the air in intervals. Meanwhile, the soil particles are carried away by water, mainly moved forward, and discharged from the mixture, leaving space for additional water. Water quickly occupies the transverse direction and moves forward along the soil-rock mixture accompanied by the removal of soil particles. Water permeation will change its direction when it meets fixed particles and walls, and it continues until it reaches the outlet. During the permeation process, the flow channel of water forms gradually. The channel flow follows the permeation, and slowly extends along the soilrock mixture. When water permeation passes through the soil-rock mixture, the channel flow of water quickly moves forward and discharges from the outlet. Thus, water penetration forms with continued particle migration. The quantity of particles discharged out of the mixture increases during the permeability evolution. As time goes by, the flow channel of water also extends in the transverse direction, which finally forms a plug flow. Water flows out, leaving the porous, unstable skeleton, which might induce water inrush through fractured rocks.
In brief, the overall process of water permeation during the numerical tests can be divided into three different stages: first, water was injected into the soil-rock mixture and the filling particles were forced to adjust; second, water permeation develops gradually, accompanied by limited particle migration; third, water penetrates thorough the mixture with continued moderate particle migration and steady-state water flow. The three different stages of the permeability evolution coincide with the relevant experimental results [4] .
Water penetration forms and mainly follows a selected way along the soil-rock mixture, as shown in Fig. 3 . According to the velocity field of water, water flow mainly follows the direction with relatively larger gaps between the fixed particles. This indicates that water permeation differs with different locations in the soil-rock mixture. Moreover, water distribution in the axial direction of the soil-rock mixture was investigated at a time of 7.8s. Three lines at the heights of Y = 0.0125 m, Y = 0 m, and Y = -0.0125 m were selected in Fig. 1 . As shown in Fig. 4 , water distribution along the line of Y = 0 m is relatively uniform with a slight decrease along the line. This indicates that water mainly accumulates at this height, since the water jet was set at this height and shows its main influence on water permeation. With the combined action of the gravity and the structure of the soil-rock mixture, water distributions are not uniform respective to the other lines, which indicates that water permeation in the transverse direction is limited to some extent, and water permeation is not enough in the transverse direction at this time. Furthermore, water distribution was investigated at different times for some selected point on the line of Y = 0 m. Five monitoring points are presented in Fig. 1 : points 1-5, from left to right. As shown in Fig. 5 , there is no water in the soil-rock mixture at 0 s. As water permeates the soil-rock mixture, the volume of water increases sharply for point 1, which is close to the inlet. Then the volume of water of point 2 increases quickly after point 1. For point 3, the volume of water increases quickly at first to some value, then increases slowly, and finally increases quickly to the maximum value, which indicates that water permeation along the soil-rock mixture performs with certain difficulties, which are always accompanied by some blocks, such as the fixed particles. Water permeation is unsteady and the volume of water may increase with fluctuation, such as the volume of water for point 4. The furthest location of point 5 was not filled with any water.
According to the above analyses, water permeation changes with time and space in the soil-rock mixture.
Water permeability also changes in the soil-rock mixture, which agrees with early relevant findings [47] [48] . There are many influencing factors for water permeation of the soil-rock mixture. Major influences of dynamic viscosity, water velocity, size of soil particles, and soil density were considered in the present work.
Influence of Dynamic Viscosity
With the consideration of the filling soils, the behavior and strength of soil has direct influence on the migration of water through the soil-rock mixture. The dynamic viscosities of different soils were emphasized to see if they influenced water permeability. Soil types ranging from sand to soil with different yield stresses were considered. Sand was assumed as a special phase with low viscosity. The diameter was 100 μm, and the true density of sand is 2,650 kg/m 3 . To have a direct comparison, soil was assumed to be Bingham fluids with a diameter of 100 μm and the same true density of sand. The soil can flow when the imposed shear stress is higher than the yield stress. When the imposed shear stress is lower than the yield stress, the soil will perform as solid phase. As shown in Fig. 6a ), water was injected into the soilrock mixture filling with sands. There is an obvious jetflow from the inlet. Water flows freely, moves forward, and changes its direction to the bottom due to the fixed particles barrier and gravity. Water moves forward, replaces the sands, and gradually occupies the skeleton from the bottom. For soils with certain yield stress in Fig. 6b ), water moves much more slowly through the soil-rock mixture when compared with that of Fig. 6a ). The permeability of soil is low, which coincides with the common results (Craig 2013). Water moves slower with larger yield stresses, as shown in Fig. 6c) .
The permeation rate of water obviously decreases with the increasing of yield stress. Two times were presented for investigation: the permeation time for water permeating to the outlet, and the penetration time for water flowing out from the outlet. As shown in Fig. 7 , the permeation time and the penetration time increase directly with increasing yield stress. When the yield stress of soil is 100 Pa, it takes 3.5 s for water permeating through the soil-rock mixture. Water flow needs approximately 5.25 s to reach the outlet, which indicates that the water inflow in the skeleton can be prevented to some extent by the material filled in the skeleton, particularly by soils with a larger yield stress. The results agree with the relative findings of Zhu et al. (2011) . Once water occupies the skeleton, it means that the filling material has been removed and the skeleton becomes unstable, which may induce water inrush.
Influence of Water Velocity
Water velocity was examined to investigate water permeation of the soil-rock mixture. Fig. 8 shows the process of water permeation in the soil-rock mixture at different water velocities. The diameter of soil particles is 100 μm, and the density of soil is equivalent to the sands.
As shown in Fig. 8 , water permeates quickly through the soil-rock mixture, which provides an easy way for water to flow through the skeleton. Then, water will penetrate the soil-rock mixture and flow out from the outlet, and a channel flow of water forms. After that, the channel flow extends in the transverse direction and tends to develop into the plug flow. Water distribution for 5 m/s tends to become uniform faster than that of 0.5 m/s in Fig. 8a ) and 1 m/s in Fig. 2 . The plug flow is obvious for water velocity of 5 m/s at the time of 5 s, while the channel flow of water reaches the out let for water velocity of 0.5 m/s at the time of 5 s. In addition, it is faster for water to flow out from the outlet at a water velocity of 5 m/s. Meanwhile, water permeation in the transverse direction is also faster with high water velocity. In Fig. 8a ), water migrates slower for both the transverse direction and the axial direction. Moreover, with the increase of initial water velocity, water permeation becomes uniform more quickly, and the filling soil particles also flow away faster. The trend coincides with the previous relevant results.
The permeation time decreases with the increasing water velocity, as shown in Fig. 9 . The penetration time decreases with the increasing of water velocity. The difference between the permeation time and the permeation time for one condition also decreases with the increasing of water velocity, which indicates that water permeation and water flow tends to be synchronous under higher water pressure.
The above result indicates that with the increase of the water flow pressure, water permeates through the soil-rock mixture more easily. This shows reasonable agreement with the previous experimental result that the sample will obtain higher values of permeability when the water flow pressure increases, as shown in Fig. 10 [4] .
Influence of the Size of Soil Particles
The behavior and strength of soil is largely determined by the size of its particles [49] [50] , which also have obvious influence on water migration through the soilrock mixture. The sizes of soil particles (100 μm, 10 μm, 1 μm, and 0.01 μm) were examined, as shown in Fig. 11 . The initial water velocity is 1 m/s, the true density of soil is the same with the sands.
When the filling particles are finer with a size of 0.01 μm in Fig. 11a) , the voids between particles are relatively smaller, which possess certain levels of resistance for water permeation. However, the water more easily carries the finer particles, and particle migration is clear within the soil-rock mixture. Thus, water permeation develops quickly. Moreover, water permeation develops almost synchronously with water permeation. When the filling particles are larger with a size of 10 μm in Fig. 11b) , the voids between particles are relatively larger, which paves the way for water permeation. Thus water permeation develops more quickly than water penetration. As shown in Fig. 11b ), the red area is obviously smaller than that of the light green area. When the filling particles are larger with a size of 100 μm in Fig. 2 , the voids between particles are clearly larger than the above conditions. Water can permeate the mixture more easily. However, it is more difficult to carry the larger particles away, and particle migration is relatively hard. Thus, the water phase needs more time to remove impediments in its way to permeate. Therefore, water penetration develops far behind water permeation. In a word, the water permeation rate increases with the decrease of particle size. At the same time, the water permeation rate increases obviously with the decrease of particle size. As shown in Fig. 12 , the permeation time and the penetration time all increase with the increase of particle size. The difference between permeation time and penetration time for one condition also increases with the increase of particle size. This indicates that filling soil with larger particles can prevent water inflow in the skeleton to some extent.
Generally, water permeation through the soilrock mixture is easier when the filling soil consists of smaller particles. The result shows agreement with the experimental finding that the sample with a higher percentage of small particles reaches higher permeability on the completion of the test [4] . Moreover, the effect of all factors influencing hydraulic property variations can be summed up in the migration of small particles. Therefore, the size of soil particles directly determines the hydraulic properties of granular material, including permeability and porosity [4] .
Influence of Soil Density
Soil density was examined to investigate water permeation of the soil-rock mixture, as shown in Fig. 13 . The diameter of soil particles is 100 μm, the initial water velocity is 1 m/s, and the true density of soil is equivalent to the sands.
As shown in Fig. 13 , the shapes of the permeation areas (the light green area) look the same under different soil densities. The permeation rates seem synchronously under different soil densities. When the dynamic viscosity is fixed, the effect of soil density on water permeation through the soil-rock mixture is not obvious. However, the penetration rate (the red area) with the soil density of 1,100 kg/m 3 is a little slower than that of 1,600 kg/m 3 , which can be seen from the white marks. After comparison, the penetration rate with the soil density of 1,600 kg/m 3 is also slower than that of 2,650 kg/m 3 in Fig. 2 . This might be due to the viscous effect playing a dominant role in water permeation or soil density, or that gravity shows weak action on water permeation. In other words, the differences of water penetration rates under different soil densities are minimal.
Conclusions
To further understand the mechanism of water inrush, water permeation through the soil-rock mixture was investigated numerically. The Euler-Euler model was adopted with the consideration of a three-phase system of water, soil, and air. The dynamic viscosities of different filling materials were emphasized based on the dynamic viscosities with additional user-defined functions. The obtained results could present the detailed process of water permeation through the soil-rock mixture, including water permeation, water penetration, and water flow.
Moreover, the major influences of dynamic viscosity of soil, water velocity, size of soil particles, and soil density were considered for water permeation. We found that sand and soil behave differently when water permeates through the soil-rock mixture. The yield stress of soil, water velocity, and size of soil particles have clearly influenced the permeation rate of water. The mixture will obtain higher values of permeability when water velocity increases. When the particle size of the filling soil is small, there is a higher potential for particle discharge, and hence a rapid permeability. The particle size of the filling soil has an essential effect on permeability during water permeation through the soil-rock mixture. The influence of soil density on water permeation of the soilrock mixture is not clear. Meanwhile, the permeation time and the penetration time all behave normally with the changing of the main influencing factors.
The present work on water permeation through the soilrock mixture is still in its initial stage. It remains necessary to verify the above method and the results by experiments. Further research on water inrush should be systematically investigated, including improved simulation models, computational ability, experimental measurement, and a new way to address soil-rock mixture and water inrush in underground engineering. 
